Paraplegin and AFG3L2 are ubiquitous nuclear-encoded mitochondrial proteins that form hetero-oligomeric paraplegin-AFG3L2 and homo-oligomeric AFG3L2 complexes in the inner mitochondrial membrane, named m-AAA proteases. These complexes ensure protein quality control in the inner membrane, jointly with a chaperone-like activity on the respiratory chain complexes. Despite coassembling in the same complex, mutations of either paraplegin or AFG3L2 cause two different neurodegenerative disorders. Indeed, mutations of paraplegin are responsible for a recessive form of hereditary spastic paraplegia, whereas mutations of AFG3L2 have been recently associated to a dominant form of spinocerebellar ataxia (SCA28). In this work, we report that the mouse model haploinsufficient for Afg3l2 recapitulates important pathophysiological features of the human disease, thus representing the first SCA28 model. Furthermore, we propose a pathogenetic mechanism in which respiratory chain dysfunction and increased reactive oxygen species production caused by Afg3l2 haploinsufficiency lead to dark degeneration of Purkinje cells and cerebellar dysfunction.
Introduction
Mitochondria are the primary energy-generating system in most eukaryotic cells. Additionally, they play a crucial role in regulating calcium homeostasis and are integrated in a number of signaling pathways, including cell death cascades (McBride et al., 2006) . Neuronal health relies heavily on mitochondrial functionality and integrity (Chang and Reynolds, 2006) . It is therefore not surprising that alteration of mitochondrial physiology is linked to several neurodegenerative disorders and aging (Kwong et al., 2006) . Many of these diseases are caused by mutations of nuclear genes encoding proteins residing in mitochondria (Schapira, 2006) . Among them, loss-of-function mutations of the paraplegin-coding gene lead to a recessive form of hereditary spastic paraplegia (HSP), characterized by degeneration of the longest motor and sensory axons of the CNS (Casari et al., 1998) .
Paraplegin belongs to the AAA-protease superfamily (ATPases associated with a variety of cellular activities). By assembling with the homologous protein AFG3L2, paraplegin forms the m-AAA complex in the inner membrane, which takes part of an evolutionarily conserved proteolytic system mediating the complete degradation of organellar proteins (Leonhard et al., 1999; . The m-AAA protease can also exert chaperone-like activity, being required for the assembly of the respiratory chain complexes (Arlt et al., 1998; Atorino et al., 2003; Maltecca et al., 2008) , and mediates the proteolytic activation of substrates (Nolden et al., 2005) . Differently from human yeast and Caenorhabditis elegans, a third homolog, AFG3L1, is present in the mouse. Paraplegin, AFG3L2, and AFG3L1 can form mixed-composition oligomers, but only AFG3L1 and AFG3L2 have the ability to form functional high-molecular-weight homo-complexes . Thus, a variety of m-AAA protease isoforms can be formed in mammalian and especially in murine mitochondria. Moreover, considering that paraplegin, AFG3L2, and AFG3L1 are differentially expressed in different tissues, mammalian m-AAA protease shows a versatile assembly, as it varies its subunit composition in different tissues according to subunit availability .
We previously demonstrated that paraplegin and Afg3l2 lossof-function mutations result in strikingly different outcomes in the mouse. Indeed, the paraplegin null model displays a lateonset axonal degeneration, whereas Afg3l2 homozygous mutants show impaired axonal development and delayed myelination, together with widespread neuropathological alterations in both the CNS and PNS. Moreover, loss of Afg3l2 strongly affects cerebellum, which is spared in the paraplegin mouse model (Ferreirinha et al., 2004; Maltecca et al., 2008 ). These observations indicate that different neuronal populations have a different threshold of sensitivity to the amount and composition of m-AAA complexes. To address this possibility, we investigated the gene-dosage effect of the m-AAA complex by characterizing a mouse model haploinsufficient for Afg3l2 (Afg3l2 ϩ/Emv66 heterozygous mouse) (Maltecca et al., 2008) . In this work, we demonstrate that cerebellum is the neuronal tissue with the highest susceptibility to reduced Afg3l2 dosage. Indeed, Afg3l2 ϩ/Emv66 mice show a progressive deficit in motor coordination and balance associated with mitochondrial dysfunction and Purkinje cell (PC) dark degeneration. Interestingly, AFG3L2 mutations have been recently associated with spinocerebellar ataxia type 28 (SCA28) (Cagnoli et al., 2006 DiBella et al., 2008) . We thus propose the Afg3l2 heterozygous mouse as the excellent model to unravel the pathological cascade leading to this form of SCA.
Materials and Methods
Murine strains. Procedures involving animals and their care were conducted in conformity with guidelines of the Institutional Animal Care and Use Committee at San Raffaele Hospital (Milan, Italy) in compliance with national (D.L. No. 116, G.U. Suppl. 40, Feb. 18, 1992 , Circolare No. 8, G.U., 14 Lug. 1994 Antibodies. Rabbit polyclonal antibodies directed against AFG3L2 were generated previously (Atorino et al., 2003) . For Western blot analysis, commercially available monoclonal antibodies were used for the detection of HSP60 (Nventa Biopharmaceuticals), respiratory chain complex I 39 kDa subunit, and respiratory complex III 25.6 kDa subunit (Invitrogen). A rabbit polyclonal antibody was used for the detection of dinitrophenyl hydrazine (DNPH; Invitrogen). ECL anti-mouse and antirabbit IgG and horseradish peroxidase (HRP)-linked species-specific whole antibodies were purchased from GE Healthcare. Polyclonal rabbit anti-goat Igs/HRP were obtained from Dako Denmark A/S. For immunofluorescence experiments, the following antibodies were used: goat anti-GFAP (Santa Cruz Biotechnology) and mouse anti-Calbindin D-28K (Sigma). Secondary antibodies were conjugated with Alexa 488 and Alexa 596 (Invitrogen). For the immunoperoxidase procedure, a secondary biotinylated antiserum (goat anti-rabbit for the polyclonal antibody, goat anti-mouse for the monoclonal antibody; Vector Laboratories) was used.
Behavioral analysis. We performed a modified version of the SHIRPA protocol primary screening developed by Irwin (Irwin et al., 1968) . A score was assigned to each behavioral test (supplemental material, available at www.jneurosci.org). To test clasping response, mice were suspended by the tail above an open cage for 30 s for 10 trials. Each mouse was classified as tending to clasp if, during any of its 10 trials, the mouse stopped struggling and held its front paws together near its torso. Usually once a mutant mouse clasped, it would continue for the duration of the trial (Garden et al., 2002) . Motor ability was assessed by rotarod analysis (instrument; Ugo Basile). Briefly, Afg3l2 ϩ/Emv66 and control mice were tested in two sessions of three trials each per day (6 h rest between the two daily sessions) for 3 consecutive days. The first day of the test was considered training. Data are reported for the second and third days. During the test, the rod accelerated from 4 to 40 rotations per minute, and the time that the animal remained on the rod (maximum, 600 s) was measured. In the beam-walking analysis, mice were trained to walk from a start platform along a balance beam (1 cm wide ϫ 90 cm long) suspended 30 cm above bedding. Two trials were performed for each mouse, and the number of hindfoot missteps was counted while the mouse walked along the length of the beam. The time required to cross the beam from start to end (latency) was also evaluated. The better of two trials was scored. Mice were trained to walk the length of the beam for 3 d before testing (Carter et al., 1999) .
Morphological analysis. Mice were anesthetized with Avertin (2-2-2 tribromoethanol; 0.75 mg/g, i.p.; Fluka) and perfused transcardially with 20 ml of saline and subsequently with 50 ml of sodium phosphatebuffered 4% paraformaldehyde solution. The cerebellum and spinal cord were removed rapidly, postfixed for 2 h with sodium phosphate-buffered 4% paraformaldehyde solution, transferred to 20% sucrose solution in PBS overnight and then to 30% sucrose solution until they sank, and finally frozen in 2-methylbutane at Ϫ45°C. Sections (20 m thick) were cryostat cut (Leica) at Ϫ20°C. To avoid structural variability, all the experiments described in this work were conducted on the primary fissure of cerebellum. Quantification of molecular layer (ML) thickness was performed analyzing an average of three nonoverlapping fields for each mouse (n ϭ 3). Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive nuclei were quantified as the percentage of TUNEL-positive nuclei relative to 4Ј,6-diamidino-2-phenylindole (DAPI)-stained nuclei total count per field. An average of five nonoverlapping fields for each mouse (n ϭ 4) were considered. Lumbar spinal cord was cut in the transverse plane at the L2-L3 level. For immunohistochemical detection of protein carbonyls, cerebella were removed rapidly, fixed overnight in methacarn (methanol:chloroform:acetic acid, 60: 30:10), and mounted in paraffin (Smerjac and Bizzozero, 2008) . Tissues were sectioned in the sagittal plane (10 m thick). Immunofluorescence on tissue sections was performed as described previously (Veglianese et al., 2006) . They were blocked with 10% donkey serum and 0.4% Triton X-100 in 1ϫ PBS, incubated overnight at 4°C with the primary antibody, washed in 1ϫ PBS, and incubated with the appropriate Alexa488/ Alexa596-conjugated donkey secondary antibodies.
For the immunoperoxidase procedure, tissue sections were treated with 1% H 2 O 2 in PBS to inhibit endogenous peroxidase, blocked in 10% goat serum in PBS containing 0.1% Triton X-100 for 60 min, and incubated overnight with the primary antibodies diluted in PBS containing 3% goat serum. Immune reactions were revealed by a 60 min incubation in the appropriate secondary biotinylated antiserum (1:200), followed by a 60 min incubation in the avidin-biotin-peroxidase complex (Vector Laboratories) using diaminobenzidine as the chromogen. Control sections processed with omission of the primary antiserum and developed under the same conditions gave no immunostaining.
Semithin and ultrathin sections were conducted as described previously (Quattrini et al., 1996; Previtali et al., 2000) . Tissues were removed, postfixed with 2% glutaraldehyde in 0.12 M phosphate buffer, sectioned into 2 mm blocks, postfixed with 1% osmium tetroxide, and embedded in Epon (Fluka). Semithin sections (0.5-1 m thick) were stained with toluidine blue and examined by light microscopy (Olympus BX51). Counting of PCs was performed in a blinded and nonbiased manner on an average of 12 nonoverlapping microscopic fields per mouse (n ϭ 3). Ultrathin sections (100 -120 nm thick) were stained with uranile acetate and lead citrate and examined by electron microscopy (EM) (magnification, 3000ϫ; Leo 912 Omega).
TUNEL assay. TUNEL assay for detection of apoptotic nuclei was performed on cryostat tissue sections using the In situ cell death detection kit, TMR red kit (Roche), following manufacturer's instructions.
Mitochondria isolation. Mitochondria were isolated by differential centrifugation from different tissue homogenates (Robinson, 1996) . In brief, tissues were homogenized in an appropriate isotonic buffer (0.25 M sucrose, 20 mM 3-(N-morpholino) propanesulfonic acid (MOPS), pH 7.2, 1 mM EDTA, 0.1% BSA fatty acid free) using a glass-Teflon homogenizer. Cell debris and nuclei were pelleted by centrifugation at 2500 ϫ g for 5 min at 4°C. Supernatants were centrifuged at 12,000 ϫ g for 25 min at 4°C, and the mitochondrial pellet was resuspended in an isotonic buffer (0.5 M sucrose, 20 mM MOPS, pH 7.2, 1 mM EDTA).
Protein concentration was measured using the Bio-Rad Protein Assay according to the manufacturer's instructions.
Respiratory chain activity and luminometric assay of ATP. Tests for respiratory chain defects were performed as described previously (Maltecca et al., 2008) . Results are expressed as nanomoles of ATP per milligram of protein. Data, in triplicates, are indicated as the mean of four independent experiments Ϯ SD. Three mice per genotype were analyzed at 4, 6, and 12 months. The two-tailed t test was applied for significance calculation.
Assembly of respiratory chain complexes. The experiment was conducted as described previously (Maltecca et al., 2008) . Briefly, isolated mitochondria were solubilized by dodecyl maltoside (2% final concentration) and centrifuged at 12,000 ϫ g for 25 min at 4°C. Supernatants were loaded on a linear 5-13% gradient polyacrylamide gel. Gels were transblotted onto a nitrocellulose membrane and immunodecorated with anti-39 kDa and anti-core2 (25.6 kDa subunit) antibodies (Schagger et al., 1994) . Band quantifications relative to Western blots were performed by densitometric analysis. Three mice per genotype were analyzed. The two-tailed t test was used for significance calculation.
Biochemical and histochemical detection of oxidized proteins. Protein carbonyls were detected as described previously (Levine et al., 1990 ) with slight modifications. Tissues were homogenized in 0.44 M sucrose, 20 mM MOPS, pH 7.2, 1 mM EDTA, 1 mM PMSF, and 0.5% Triton X-100 using a glass-Teflon homogenizer. Cell debris was discarded by centrifugation at 8000 ϫ g for 10 min at 4°C. Mitochondria were isolated by differential centrifugation as described above. Total lysate (50 g) and isolated mitochondria (25 g) were derivatized in an equal volume of DNPH (Fluka) dissolved in 10% trifluoroacetic acid (TFA). After neutralization with an equal volume of 2 M Tris and 30% glycerol, dinitrophenyl (DNP)-derivatized protein samples were mixed with an equal volume of 2ϫ sample buffer (4% SDS, 20% glycerol, 4% 2-mercaptoethanol, 0.04% bromophenol blue, 120 mM Tris-HCl, pH 6.8) and resolved by SDS-PAGE on 10% gradient gels (15 g protein/well). Carbonylated proteins were detected using an antibody against DNP moiety. For immunohistochemical detection of protein carbonyls, cerebellum sections were treated with 10 mM 2,4-dinitrophenyl-hydrazine prepared in 2N HCl for 60 min to convert the carbonyls group into DNP hydrazones. Sections were blocked with 10% normal goat serum (v/v) and incubated overnight with rabbit anti-DNPH (1:100) antibody. The reaction was revealed by the immunoperoxidase method. Quantitative analysis was performed counting the number of DNPpositive and -negative PCs in three nonoverlapping fields at 5ϫ magnification to cover the entire cerebellar sections.
Statistical analyses. For SHIRPA protocol primary screening, comparisons were performed with the Mann-Whitney nonparametric test.
Repeated-measures ANOVA was performed for behavioral tests requiring repeated tests (clasping response, rotarod, and beam walking). A critical p Ͻ 0.05 was used for statistical significance in all analyses.
The two-tailed t test was used for significance calculation in morphometric analyses, respiratory chain activity assay, and densitometric analysis. ϩ/Emv66 mice display motor impairment. a, Western blot using an antibody against AFG3L2 showing that AFG3L2 protein amount is halved in Afg3l2 ϩ/Emv66 mice compared with wild-type controls. HSP60 was used to verify equal loading. b, Afg3l2 ϩ/Emv66 mice display clasping phenotype after tail suspension. The wild-type mouse shows normal splaying after tail suspension, whereas the Afg3l2 ϩ/Emv66 mouse clasps. c, Performance of Afg3l2 ϩ/Emv66 and wild-type mice on an accelerating rotating rod apparatus at 2, 4, and 6 months. Afg3l2 ϩ/Emv66 animals showed impaired performance compared with wild-type, age-matched animals beginning at 4 months of age. Repeated-measures ANOVA confirmed a significant genotype effect (heterozygous vs wild type) at 4 and 6 months of age (**p Ͻ 0.001). n ϭ 10. D, Day; T, trial. d, The beam-walking test was used to better assess the fine motor coordination and balance capabilities. Afg3l2 ϩ/Emv66 mice made significantly more footslips compared with wild type and showed increased latency to cross the beam. Repeated-measures ANOVA, **p Ͻ 0.001; n ϭ 10. Error bars represent ϮSD. 
Negative geotaxis 
Results
We previously generated the Afg3l2 null model (Afg3l2
) by an ecotropic murine leukemia proviral reinsertion, which completely eliminates full-length expression of the Afg3l2 gene. Homozygous Afg3l2
Emv66/Emv66 mice display an extremely severe neuromuscular syndrome that broadly affects central and peripheral neurons, leading to death at postnatal day 14 (Maltecca et al., 2008) . Heterozygous Afg3l2 ϩ/Emv66 mice with a halved amount of AFG3L2 protein are phenotypically indistinguishable from wild type at this age. To investigate whether Afg3l2 haploinsufficiency could cause a late-onset neurodegeneration and to identify the neuronal tissues mainly sensitive to reduced AFG3L2 dosage, we performed a phenotypic characterization of adult Afg3l2 heterozygous mice.
Afg3l2 heterozygous mice display defects in motor coordination

Afg3l2
ϩ/Emv66 mice develop normally and show normal appearance and fertility. To have an overview of motor, sensory, autonomic, and neuropsychiatric functions, we performed SHIRPA protocol primary screening (Irwin et al., 1968; Rogers et al., 1997) on Afg3l2 ϩ/Emv66 mice at 4, 6, and 12 months as described in Materials and Methods. A full list of the scored parameters is summarized (supplemental Table 1 , available at www.jneurosci.org). By comparing Afg3l2 ϩ/Emv66 mice and their wild-type littermates (Table 1) , we detected alterations in gait, pelvic elevation, and negative-geotaxis reflex. The latter is a widely used test for the evaluation of cerebellar and labyrinth function (Hermans et al., 1993; Coluccia et al., 2004) . These defects appear at 4 months and worsen with age, and mutants older than 12 months present abnormal gait characterized by uncoordinated hindlimb movement. Another sign of abnormality is clasping on tail suspension, beginning at 8 -10 months of age (Fig. 1b, picture) . By 12 months, almost all mutant animals show an abnormal clasping response (84.7% vs 17.8%; n ϭ 20).
Although negative geotaxis and clasping are sensitive indicators of neurological disease, they are observed in many pyramidal and extrapyramidal phenotypes. To better assess the motor phenotype of heterozygous mice, Afg3l2 ϩ/Emv66 and wild-type littermates were subjected to rotarod analysis at different ages. Afg3l2 ϩ/Emv66 mice failed to maintain balance on the rotarod at 4 months and showed a progressive decline of performance over the ensuing months (Fig. 1c) . Mutants fell earlier compared with controls and performed even worse in the following trials (i.e., latency to fall decreased), indicating that they have a reduced resistance to motor exercise and an increased difficulty of walking in synchrony with the rotating beam.
The rotarod is quite effective and sensitive to assess motor coordination and balance (Dunham and Miya, 1957; Crawley, 1999) , for detection of neuromuscular defects, but also to cerebellar lesions in mouse models (Lalonde et al., 2002) . We therefore performed a beam-walking test, which is more sensitive in revealing fine coordination defects and motor ataxia attributable to cerebellar dysfunction (Carter et al., 1999; Herson et al., 2003; Sausbier et al., 2004) . At 4 months, Afg3l2 ϩ/Emv66 mice could barely walk along the beam and made significantly more foot slips compared with wild-type controls, the frequency of which increases with age (Fig. 1d, left graph) . Moreover, whereas controls adopted a stable upright posture in traversing the beam, mutant mice flattened their abdomen and thorax against the upper surface of the beam and showed increased latency to cross (Fig. 1d , right graph).
We monitored mutant mice up to 18 months and observed that none developed other signs of neurological disease such as tremor, rigidity, or kyphosis. They instead seem to have strictly an ataxic phenotype of cerebellar origin, thus recapitulating clinical features of SCA28 patients. This evidence, together with the severe cerebellar phenotype previously observed in Afg3l2 homozygous mutants (Maltecca et al., 2008) , prompted us to evaluate cerebellar degeneration in Afg3l2 heterozygous mice.
Motor coordination deficit correlates with alteration of cerebellar morphology
We started evaluating the overall morphology of the cerebellum on cryostat sagittal sections from Afg3l2 ϩ/Emv66 stained with hematoxylin and eosin. The size of the cerebellum was comparable between mutants and controls with normal development of folia and formation of cortical structure up to 4 months of age. Two months later, mutants show thickness reduction of the ML, which consists mostly of PC dendrites (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Since atrophy of the ML is generally correlated with degeneration of PC dendrites (He et al., 2006) , we performed immunohistochemistry using calbindin (a specific marker of PCs) on the cerebellar section of Afg3l2 ϩ/Emv66 mice at 6 and 12 months. At 6 months, mutant PCs retain normal flask-shaped cell body morphology but appear smaller compared with wild-type controls. Moreover, dendritic stalks are abbreviated and hypertrophic with poorly arborized dendritic branches, leading to evident thickness reduction of the ML (139.679 m Ϯ 12.7915 SD in mutants vs 212.026 m Ϯ 22.26 SD in controls; t test, p Ͻ 0.001) (Fig. 2, top) . At 12 ϩ/Emv66 mice show alteration of the PC dendritic tree and reduced thickness of the ML. Calbindin immunohistochemistry on cryostat sections of the midsagittal portion of the cerebellum of Afg3l2 ϩ/Emv66 and control mice at 6 months (top) and 12 months (bottom) is shown. In the mutant, several PCs disappear, leaving empty spaces in the PC monolayer (arrowheads). PC dendrites appear hypertrophic and less arborized (arrows), which leads to the ML's reduced thickness compared with controls in Afg3l2 ϩ/Emv66 . Scale bar, 50 m.
months, mutant PCs appear atrophic and are reduced in number, leaving empty spaces in the PC monolayer compared with wild type (Fig. 2, bottom To better evaluate the extent of PC alterations and to make a possible correlation with the onset of motor coordination defects, we performed semithin sections on Afg3l2 ϩ/Emv66 mice at 4, 6, and at 12 months. We indeed observed progressive degeneration and loss of PCs in Afg3l2 ϩ/ Emv66 cerebella. At 4 months, PCs start to display degenerating features, such as altered morphology and dark cytoplasm (Fig. 3b) . As shown in Figure 3d , these alterations become more severe at 6 months, when mutant PCs display evident shrinkage and darkening of the cytoplasm accompanied by condensation of the nucleus. We also observed cases in which these cells exhibit defects in spatial alignment and reside outside of the defined layer. Quantitative analysis revealed a significant loss of PCs in Afg3l2 ϩ/Emv66 mice, which is already detectable at 6 months and become more extensive at 12 months. As shown in the graphs, most of the remaining cells are degenerating PCs.
Morphological changes were also detected in the granule cell (GC) layer, mostly at 12 months, where the vast majority of GCs show the presence of a swollen, empty cytoplasm and condensed nucleus (Fig. 3f ) . At this age, quantitative analysis also revealed a significant loss of GCs in the mutants (51.65 Ϯ 1 SD/ area in the mutants vs 70.95 Ϯ 2.89 SD in controls; t test, p Ͻ 0.05).
PCs undergo dark degeneration in Afg3l2 heterozygous mice
To go deep inside the characterization of PC and GC degeneration, we performed ultrathin sections of Afg3l2 ϩ/Emv66 and controls, which revealed several morphological abnormalities in both cell types. Notably, dramatic defects in mitochondrial morphology, distribution, and cristae organization were detected already at 4 months, contemporary to the onset of motor coordination defects (Fig. 4a,b) .
Mutant mitochondria appear larger and lose the classic elongated shape found in wild-type mice (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). They also show vesciculation of the inner membrane and abnormal cristae structure. Organellar alterations worsen with disease progression in mutant PCs, as shown at 6 months by the presence of clusters of aberrant mitochondria close to the plasma membrane. At this age, mutant PCs also start displaying increased electron density and condensed cytoplasm and nucleus but no signs of nuclear blebbing or apoptotic bodies (Fig. 4c) . These features are peculiar of the type of neuronal cell death known as dark cell degeneration. This is characteristic of excitotoxic injury, in which excessive glutamate stimulation or excessive sensitivity to synaptic glutamate causes cellular toxicity (Barenberg et al., 2001; Strahlendorf et al., 2003) . Intriguingly, this specific type of cell death has been recently described in mouse models of SCA7 and SCA5. In both cases, it has been linked to glutamate signaling (Custer et al., 2006; Ikeda et al., 2006) , indicating that enhanced sensitivity of PCs to glutamate-induced excitotoxicity could be central for SCA pathogenesis. It is worth noting that we detected enlarged, vacuolated mitochondria in PC dendrites (Fig. 4g,h ), exactly where PC cells receive small synapses mostly from parallel fibers (the branches of ascending axons of GCs) and from climbing fibers (afferents arising from the inferior olivary nucleus). Since both parallel and climbing fibers are glutamatergic and use AMPA and metabotropic glutamate receptor for transmission, these synapses are exposed to high concentrations of calcium (Ito, 2002) .
In the GC layer, as well as in the PCs, EM revealed the appearance of aberrant mitochondria at 4 months, the number of which increases over time. At 12 months, in addition to mitochondria with destroyed cristae, organelles with unusual shapes and spatial organization were detected. Indeed, clusters of polylobulated mitochondria contained within a double membrane structure of undefined origin are reported in Figure 4l. An example in which an abnormally enlarged mitochondrion occupies the entire cytoplasmic space is shown in Figure 4k .
GCs progressively deteriorate, and at 6 months, many cells display empty cytoplasm and nucleus with totally condensed chromatin (Fig. 4i,j) . These EM features correspond with those of late-stage apoptosis, namely apoptotic body (Ihara et al., 1998) . Indeed, GCs clearly undergo apoptosis, as demonstrated by the TUNEL assay, which revealed a signal throughout the granular layer at 6 months ( Fig. 5b) and a much stronger signal at 12 months ( Fig. 5f ) in Afg3l2 ϩ/Emv66 mice, in contrast to the almost complete absence of reactivity observed in age-matched controls (Fig. 5a, e, respectively) . The percentage of TUNEL-positive nuclei relative to the total count of DAPI-stained nuclei was 6.803 Ϯ 1.421 SD in mutants versus 0.633 Ϯ 0.33 SD in controls at 6 months (t test, p Ͻ 0.001) and 12.967 Ϯ 1.755 SD in mutants versus 1.424 Ϯ 0.595 at 12 months (t test, p Ͻ 0.001).
Remarkably, no TUNEL-positive PCs were observed, thus confirming that these cells are not dying by apoptosis.
Consistently with the findings reported above, we detected an extensive reactive gliosis, especially prominent in the granule layer at 12 months. As shown in Figure 5h , Afg3l2 ϩ/Emv66 cerebella exhibit a marked staining for GFAP, which highlights activated astrocytes.
Spinal cord is unaffected in Afg3l2 heterozygous mice
We previously showed that the loss of Afg3l2 causes dramatic and widespread neuropathological alterations in both the CNS and PNS. Indeed, Afg3l2 homozygous mutant mice exhibit delayed myelination and poor radial growth of both primary and secondary motoneuron axons and the presence of enlarged mitochondria, clustering in the neuronal cell body of lumbar motoneurons, dorsal root ganglia (DRGs), and PCs (Maltecca et al., 2008) . Based on these observations, we expected that the spinal cord was affected to the same extent of the cerebellum by Afg3l2 depletion in Afg3l2 ϩ/Emv66 mice. Interestingly, semithin sections of spinal cord revealed no signs of degeneration in lumbar motoneurons (Fig. 6, top) and the appearance of very rare vacuolated DRGs only at 12 months (Fig. 6, bottom) , indicating that haploinsufficiency of AFG3L2 does not compromise mitochondrial functionality. Additionally, paraplegin and AFG3L1 could compensate for the reduced amount of AFG3L2 in this tissue. In accordance, no TUNEL-positive cells and no reactive gliosis were detected in heterozygous mice at the same age (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). These data suggest that different neuronal populations have different sensitivity to m-AAA defects and, more importantly, that the cerebellum is the neuronal tissue with the highest susceptibility to a reduced Afg3l2 dosage.
Mutant PCs show impaired mitochondrial bioenergetics and increased reactive oxygen species production
The combination of enlarged spheroidal mitochondria and abnormal cristae structure is often associated with compromised mitochondrial bioenergetics and alterations of electron transport activity (Bereiter-Hahn and Voth, 1994) . Moreover, impaired respiration due to m-AAA protease dysfunction has been well documented both in yeast and in mammals. Yeast cells lacking the m-AAA protease are indeed respiratory deficient, and this phenotype is rescued after exogenous expression of both paraplegin and AFG3L2 (Arlt et al., 1996; Atorino et al., 2003) . We previously demonstrated that loss of Afg3l2 causes a dramatic reduction of ATP synthesis in brain and spinal cord of mutant mice because of insufficient assembly of respiratory complexes I and III (Maltecca et al., 2008) . We thus investigated whether mitochondrial morphological alterations detected in the cerebellum of Afg3l2 ϩ/Emv66 mice correlate with defects of mitochondrial metabolism.
We tested ATP production in brain, spinal cord, and cerebellum of Afg3l2 ϩ/Emv66 mutant mice and controls in the presence of differ- ent substrates and inhibitors of the respiratory chain. The basal activity of the respiratory chain was similar in controls and mutants in the three analyzed tissues. To dissect the individual contribution of each complex to the total ATP production, we provided pyruvate and glutamate (which stimulate the activity of the overall respiratory chain complexes), succinate and rotenone (to assay the activity of complexes II-V), and ascorbate-tetramethyl-pphenylenediamine (TMPD; to assay the activity of complex IV). At 6 and 12 months, the assay revealed no significant difference in ATP synthesis both in mutant brain and spinal cord compared with wild type (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material). On the contrary, we detected a substantial reduction of ATP synthesis in mutant mitochondria from cerebellum at 6 months with pyruvate, glutamate, and succinate/rotenone. These defects become more severe at 12 months. The ATP level measured in the presence of ascorbate was the same in mutants and in controls, suggesting a comparable activity of complexes IV and V even at 12 months (Fig. 7a) . Consistent with what we observed in Afg3l2 homozygous mutants, Blue Native-PAGE (BN-PAGE) followed by immunoblot revealed a decreased amount of assembled complexes I and III (Fig. 7b) . Considering that the chaperone-like activity of the m-AAA complex is required in yeast for the assembly of the ATP synthase (Arlt et al., 1996) , these data suggest an active role of Afg3l2 in assembling respiratory chain complexes and demonstrate the conservation of this function in mammals.
Defects in the mitochondrial respiratory chain complexes can increase reactive oxygen species (ROS) production as well as reduce ROS removal. When ROS generation exceeds protective mechanisms, multiple destructive redox reactions may ensue, such as lipid peroxidation, protein oxidation, and oxidative damage to DNA. In Afg3l2 ϩ/Emv66 mutants, we detected deficiency in respiratory chain complexes I and III, major producers of ROS in physiological and especially in pathological conditions (Murphy, 2009) . We thus evaluated whether these respiratory defects cause oxidative damage in Afg3l2 ϩ/Emv66 mutants by measuring carbonyl formation, which is an easy detectable marker of protein oxidation (Requena et al., 2003) . Carbonyl levels after reaction with DNPH (see Materials and Methods) were measured by Western blot in cerebellar total lysate and in cerebellar mitochondrial enrichments from Afg3l2 ϩ/Emv66 mutant mice and controls. We found that levels of protein carbonylation are strikingly increased in Afg3l2 ϩ/Emv66 mutants compared with wild type in both total lysate and mitochondria, despite the protein content that remains unchanged (Fig. 8a) . This evidence demonstrates that half dosage of AFG3L2 impairs mitochondrial respiration and increases mitochondrial ROS production, leading to oxidative modification of mitochondrial proteins. Moreover, as a consequence of increased hydrogen peroxide efflux from the organelle, oxidative damage also affects cytosolic proteins.
To verify that the increased ROS production was effectively a consequence of respiratory chain defects and not a secondary effect as a result of apoptotic process of GCs, we next evaluated the levels of protein carbonyls in situ at 12 months. Immunohistochemistry on cerebellar sagittal sections using an anti-DNPH antibody revealed that the vast majority of mutant PCs display a strong DNP-positive signal and only scattered GCs are positively stained (Fig. 8b) . Interestingly, the percentage of DNP-positive PCs (Fig. 8b, graph) approximately correlates with the relative percentage of dark-degenerated PCs at the same age (Fig. 3f,  graph) . Probably because of technique sensitivity, we failed to detect differences at younger stages (data not shown).
Discussion
Despite the ubiquitous expression of m-AAA subnits, neurons seem selectively affected by alterations of paraplegin and AFG3L2. Indeed, loss-of-function mutations of paraplegin cause HSP, and mutations of AFG3L2 recently have been associated with SCA28 DiBella et al., 2008) . Absence of paraplegin or AFG3L2 in the mouse causes strikingly different neurological defects: whereas paraplegin knock-out mice show late-onset degeneration mainly involving primary motoneurons, Afg3l2 null mutants display a severe defect of axonal development and widespread morphological alterations in both the CNS and PNS. Moreover, loss of Afg3l2 affects tissues that are spared in paraplegin knock-out mice (e.g., cerebellum) (Ferreirinha et al., 2004; Maltecca et al., 2008) . It is thus conceivable that tissue-, cell-, or even subcellular-specific threshold effects exist, also considering the versatile assembly of m-AAA complexes . In this work, we investigated whether different subsets of neurons are selectively susceptible to m-AAA gene dosage effect by characterizing a mouse model haploinsufficient for Afg3l2.
Selective susceptibility of cerebellum to reduced AFG3L2 dosage Both behavioral and morphological analyses conducted on Afg3l2 ϩ/Emv66 mice indicate that the cerebellum is mainly affected by AFG3L2 haploinsufficiency. Indeed, Afg3l2 ϩ/Emv66 mice show progressive decline in motor coordination and balance, as assessed by rotarod and beam-walking tests. These findings demonstrate that the Afg3l2 haploinsufficient model recapitulates features of SCA28 patients, such as unbalance standing and slowly progressive gait incoordination (Cagnoli et al., 2006) .
In agreement with behavioral signs, heterozygous mice present severe alteration of cerebellar morphology. They indeed show progressive degeneration and loss of PCs, dendritic atrophy, and significant thinning of the ML starting from 5-6 months of age. Remarkably, these signs are typical neuropathological hallmarks of SCAs. Cerebellar pathology is also evident by apoptotic death of GCs associated with massive substitutive gliosis in the granule layer.
The mitochondrial origin of the defect is demonstrated at EM examination by the appearance of morphologically altered organelles in both PCs and GCs at 4 months, which correlates with the onset of motor impairment. While disease progresses, an increasing number of swollen mitochondria with damaged cristae and vacuoles is detected in degenerating PCs, close to the plasma membrane, and also in the dendritic tract in proximity of synapses. This observation is notable, since mitochondria are required at synapses to maintain ion homeostasis, especially in dendritic spines of excitatory glutamatergic synapses that experience a large amount of Ca 2ϩ influx (Mattson et al., 2008) .
Interestingly, in the spinal cord of heterozygous mice at 12 months, the number of motoneurons and DRGs appears conserved, and no evident signs of degeneration were detected, supporting cerebellar sensitivity to AFG3L2 dysfunction. Many factors may be responsible for this specific susceptibility: for instance, the higher expression of Afg3l2 in the cerebellum compared with paraplegin and Afg3l1 (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material) and the ability of AFG3L2 to form both homo-and the hetero-oligomeric m-AAA complexes . Since mammalian m-AAA protease shows a versatile assembly, as it varies its subunit composition in different tissues according to subunit availability, it is conceivable that AFG3L2-containing complexes are indeed the predominant m-AAA protease present in cerebellar mitochondria. This hypothesis is also supported by the ineffective compensation of AFG3L2 haploinsufficiency by paraplegin and AFG3L1 in the cerebellum. Conversely, in the spinal cord, a half amount of AFG3L2 may be sufficient to preserve mitochondrial functionality.
In agreement with these observations, we recently reported that the phenotype of Afg3l2 ϩ/Emv66 markedly worsens when placed on a paraplegin-null background (Spg7
). In fact, these mice display anticipation and increased severity of motoneuron degeneration found in Spg7 Ϫ/ Ϫ mice, suggesting that Afg3l2 is able to partially compensate the lack of paraplegin in the spinal cord. Moreover, as expected from the reduced amount of AFG3L2-containing m-AAA complexes, these animals undergo anticipated degeneration of PCs with respect to Afg3l2 ϩ/Emv66 mice (Martinelli et al., 2009) .
Dark degeneration of PCs in Afg3l2 heterozygous mice
PCs are crucial to cerebellar function, because they constitute the sole efferent projections from the cerebellum. Glutamatergic synapses of GC parallel fibers to PC dendrites contribute to Ͼ90% of all PC synaptic connections, providing important reciprocal interactions for the survival of both cell types. As an obvious consequence, PC loss results in a functional lesion in the cerebellum (Sotelo, 2004) . PC death is usually ascribed to apoptosis, even if after acute insults (e.g., hypoxia or ischemia) necrotic death can occur (Sarna and Hawkes, 2003) . In Afg3l2 ϩ/Emv66 mice, the number of PCs decreases progressively between 4 and 12 months, but no TUNEL-positive PCs were observed, suggesting that they are not dying by apoptosis. Moreover, degenerating PCs present peculiar features, such as irregular shape, atrophy, condensed chromatin, and dark cytoplasm. These findings are consistent with an ongoing process of dark cell degeneration that has been documented in PCs exposed to excessive glutamate stimulation. The appearance of marked cytoskeletal changes in response to abusive AMPA receptor stimulation, coupled with increased intracellular Ca 2ϩ concentration, suggests activation of Ca 2ϩ -dependent cysteine proteases as the mechanism leading to darkening of the cytoplasm in degenerating PCs (Barenberg et al., 2001; Strahlendorf et al., 2003) . Intriguingly, PC dark degeneration has been recently described in mouse models for SCA7 and SCA5. In both cases, increased levels of glutamate available in the synaptic cleft for neuronal uptake has been demonstrated as the basis of degeneration, but with striking different mechanisms. Increased glutamate concentrations are elicited in SCA7 by reduced expression of the Bergmann glia-specific glutamate transporter GLAST, whereas they are elicited in SCA5 by impaired trafficking of neuron-specific glutamate transporter EEAT4 to the plasma membrane (Custer et al., 2006; Ikeda et al., 2006) . These mechanisms of cerebellar pathogenesis underline the high susceptibility of PCs to glutamate dysregulation. We report that in Afg3l2 ϩ/Emv66 GCs undergo apoptosis starting from 6 months of age. At this time point, PCs are already extensively lost, and most of the remaining cells present degenerating features. One possible explanation could be that GC loss is secondary to insufficient trophic support from PCs or to cerebellar afferent alterations. Indeed, apoptosis of GCs is generally reported as a consequence of PC loss (Sarna and Hawkes, 2003) . The alternative scenario of GC loss as a direct consequence of AFG3L2 haploinsufficiency in these cells is equally possible. PCs and GCs could die independently by activating different mechanisms of cell death, as supported by the concomitant appearance of morphologically altered mitochondria in both cell types at the same age. In this case, reduced Afg3l2 dosage in GCs could trigger an intrinsic pathway of apoptosis, which is not secondary to PC degeneration.
Mitochondrial dysfunction and oxidative stress mediate PC dark degeneration
Although PC dark degeneration has been already documented in SCA (Custer et al., 2006; Ikeda et al., 2006) , this is the first report in which this type of degeneration is mediated by mitochondrial dysfunction rather than by prolonged glutamate stimulation at the synaptic cleft.
We indeed demonstrated that in Afg3l2 ϩ/Emv66 mutant PCs, the appearance of morphologically altered mitochondria precedes cell shrinkage, cytoplasm darkening, and nucleus condensation, which are the typical ultrastructural signs of excitotoxicity-mediated dark cell degeneration. Swollen mitochondria with damaged cristae are also metabolically dysfunctional in Afg3l2 ϩ/Emv66 mutants. We indeed detected marked reduction of ATP synthesis associated with a reduced activity of respiratory complexes I and III. Consistent with what we previously observed in Afg3l2 homozygous mutants, faulty assembly caused by reduced AFG3L2 chaperone-like activity rather than decreased availability of complex subunits is at the basis of this deficit of respiratory activities (Maltecca et al., 2008) .
Inhibition of complexes I and III is known to diminish ATP production, to increase leakage of electrons and production of ROS, which attack intracellular biomolecules (Murphy, 2009) . Proteins are one of the major targets of oxygen-free radicals and other reactive species. In line with this scenario, in Afg3l2 ϩ/Emv66 mutants we detected strikingly increased levels of protein carbonyls in cerebellar mitochondrial enrichments as well as in total lysates. Carbonylation has irreversible and unrepairable consequences modulating biochemical charac- ϩ/Emv66 mice show impairment of ATP production starting at 6 months of age. Student's t test, *p Ͻ 0.05, **p Ͻ 0.001; n ϭ 3. b, BN-PAGEimmunoblot analysis of complex I revealed by an anti-39 kDa antibody and immunoblot analysis of complex III revealed by anti-core2 (25.6 kDa subunit) antibody at 6 and 12 months; immunoblotting with anti-HSP60 antibody was used to verify equal loading. The graph shows protein amount of complexes I and III were quantified by densitometric analysis. Student's t test, *p Ͻ 0.05; n ϭ 3. Error bars represent ϮSD.
teristics of proteins such as enzymatic activity susceptibility to proteolytic degradation (Nystrom, 2005) . This evidence indicates that dysfunction of the respiratory chain caused by the lack of AFG3L2 cannot be counterbalanced by the mitochondrial antioxidant system, leading to increased ROS production and oxidative damage.
It is worth noting that we detected protein carbonylation mainly in PCs, whereas only sparse GCs are positively stained. Moreover, the percentage of dark degenerating PCs correlates with the fraction of PCs undergoing oxidative stress, indicating that the two phenomena are strictly interconnected.
One important consequence of respiratory chain defects and increased ROS production is alteration of ⌬⌿m, an electric steep gradient that is essential for Ca 2ϩ internalization in mitochondria (Brookes et al., 2004 (Stout et al., 1998; Nicholls et al., 2003) .
Since PC dendrites exclusively receive excitatory synapses, it is conceivable that inefficient Ca 2ϩ sequestration by mitochondria causes pathological accumulation of [Ca 2ϩ ] i in mutant PCs, thus mimicking excitotoxic-mediated dark degeneration in Afg3l2 ϩ/Emv66 mutants. Taking all our data together, we propose the Afg3l2 ϩ/Emv66 mouse as the first model of SCA28. We also hypothesize a pathogenetic mechanism in which respiratory chain dysfunction and increased ROS production caused by AFG3L2 haploinsufficiency alters Ca 2ϩ buffering capacity of mitochondria, thus leading to PC dark degeneration. ϩ/Emv66 and syngenic control mice were treated with DNPH. Derivatized proteins were analyzed by SDS-PAGE using an antibody against DNP moiety. Silver staining was used to verify equal loading. The untreated sample (treated with TFA only) was used as the negative control. M, Mitochondrial enrichment; TL, total lysate. b, Immunohistochemical localization of protein carbonyls in the Afg3l2 ϩ/Emv66 mouse cerebellum at 12 months of age. PC bodies are heavily stained in the Afg3l2 ϩ/Emv66 cerebellum (arrows). Scale bar: top, 100 m; bottom, 50 m. The graphs represent the count of DNPϩ cells over the total cell number in mutants versus controls. Error bars represent ϮSD; Student's t test, *p Ͻ 0.05; n ϭ 2.
